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Summary
The proportional hazards model (PH) is currently the most popular regression model for analyzing 
time-to-event data. Despite its popularity, the analysis of interval-censored data under the PH 
model can be challenging using many available techniques. This paper presents a new method for 
analyzing interval-censored data under the PH model. The proposed approach uses a monotone 
spline representation to approximate the unknown nondecreasing cumulative baseline hazard 
function. Formulating the PH model in this fashion results in a finite number of parameters to 
estimate while maintaining substantial modeling flexibility. A novel expectation-maximization 
(EM) algorithm is developed for finding the maximum likelihood estimates of the parameters. The 
derivation of the EM algorithm relies on a two-stage data augmentation involving latent Poisson 
random variables. The resulting algorithm is easy to implement, robust to initialization, enjoys 
quick convergence, and provides closed-form variance estimates. The performance of the proposed 
regression methodology is evaluated through a simulation study, and is further illustrated using 
data from a large population-based randomized trial designed and sponsored by the United States 
National Cancer Institute.
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1. Introduction
Originally proposed by Cox (1972), the proportional hazards (PH) model has been widely 
used for the purposes of analyzing time-to-event data, with its gain in popularity being 
attributed to its interpretability and ability to model right-censored data. Unfortunately, the 
development of techniques that allow for the analysis of interval-censored data under 
semiparametric variants of this model can prove to be quite challenging. These difficulties 
are encountered because of the underlying structure of interval-censored data; i.e., the event 
times of interest are never observed. In particular, data of this form typically consist of left-, 
right-, and interval-censored observations corresponding to the situation in which the event 
times occur before the first, after the last, or between two observation times, respectively. 
Interval-censored data is ubiquitous among social, behavioral, epidemiological, and medical 
studies (Sun, 2006), and therefore modeling techniques that allow for the valid analysis of 
interval-censored data need to be developed, along with the necessary statistical software to 
carry out these analyses.
The regression analysis of interval-censored data under the PH model is a well studied 
problem. This problem was first addressed by Finkelstein (1986), who proposed a method of 
jointly estimating the regression parameters and the baseline hazard function using a 
Newton-Raphson based algorithm. Focusing solely on the estimation of the regression 
parameters, Satten (1996) proposed a marginal likelihood approach and Goggins et al. 
(1998) developed a Monte Carlo expectation maximization algorithm. Even though these 
methods avoid estimating the baseline hazard function they remain computationally 
expensive because they require the imputation of all possible rankings of the failure times 
that are consistent to the observed data. For interval-censored data without covariates, 
Turnbull (1976) developed an algorithm based on the idea of self consistency, Groeneboom 
and Wellner (1992) presented an iterative convex minorant algorithm, and Zhang and 
Jamshidian (2004) proposed a generalization of the Rosen algorithm (Rosen, 1960) for 
efficiently computing the nonparametric maximum likelihood estimate of the distribution 
function of the event/failure time. Pan (1999) reformulated the iterative convex minorant 
algorithm proposed by Groeneboom and Wellner (1992) as a generalized gradient projection 
method which allowed for the incorporation of regression parameters. Pan (2000) developed 
a semiparametric alternative, based on multiple imputation, to the existing nonparametric 
methods. Goeteghebeur and Ryan (2000) developed an expectation-maximization (EM) 
algorithm with an M-step that updates estimates of the regression parameters by maximizing 
a Cox partial likelihood and estimates the baseline hazard function using the Breslow 
estimator. Betensky et al. (2002) presented local likelihood techniques for fitting the PH 
model which results in a smooth and interpretable estimate of the baseline hazard as well as 
an assessment of global covariate effects. Using penalized likelihood methods Cai and 
Betensky (2003) modeled the log-hazard function with a piecewise-linear spline. Zhang, 
Hua, and Huang (2010) extended the earlier work of Zhang and Jamshidian (2004) by 
allowing for covariate effects and by using monotone B-splines to model the cumulative 
baseline hazard function. Shao et al. (2014) proposed a semiparametric varying-coefficient 
model for interval-censored data with a cured proportion. For a comprehensive review of the 
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